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Laser plasma amplification of sub-picosecond pulses above the Joule level is demonstrated, a major
milestone for this scheme to become a solution for the next-generation of ultra-high intensity lasers.
By exploring over 6 orders of magnitude the influence of the incident seed intensity on Brillouin
laser amplification, we reveal the importance of a minimum intensity to ensure an early onset of
the self-similar regime, and a large energy transfer with a very high efficiency, up to 20%. Evidence
of energy losses of the seed by spontaneous backward Raman is found at high amplification. The
first three-dimensional envelope simulations of the sub-picosecond amplification were performed,
supplemented by one-dimensional PIC simulations. Comparisons with the experimental results
demonstrate the capability of quantitative predictions on the transferred energy. The global behavior
of the amplification process, is reproduced, including the evolution of the spatial profile of the
amplified seed.
PACS numbers:
I. INTRODUCTION
Laser amplification in a plasma is emerging as a real
alternative to solid state optics when it comes to ma-
nipulating light at very high intensities, due to the pos-
sibility to overcome the limits imposed by the damage
threshold of materials along with the promising perspec-
tives of compactness and low cost. The main concerns
in laser plasma amplification are about the experimental
feasibility, the extent of parameter ranges of applicabil-
ity, the competing sources of energy dissipation, and the
efficiency of the process. The way the plasma responds to
an external excitation and couples to it, fully character-
izes the performances of a plasma amplifier. The schemes
proposed and studied so far exploiting an electron or ion
response of the plasma (resonant Raman [1–3], chirped
pump Raman [4, 5], Raman with flying focus [6], diverg-
ing Raman [7], multi-frequency Raman [8], plasma wave
seed for Raman [9], single-pulse Raman [10], strongly-
coupled Brillouin [11], single-pulse Brillouin [12], few-
cycle laser amplification by Brillouin [14]) have explored
different parameter ranges and beam configurations in
order to optimize (or minimize) a particular aspect of
the amplification. Each scheme, according to which type
of plasma excitation is exploited, has been put forward
as the most appropriate for a specific purpose. In partic-
ular, the energy coupling between two beams (transverse
electromagnetic waves) at the same frequency through
forced ion plasma oscillations (Brillouin amplification in
the strong coupling regime) has been considered due to
the simpler experimental setup (2 beams produced by
the same oscillator) and the robustness it offers in terms
of frequency mismatch [15]. The energy amplification of
a sub-picosecond seed beam, mediated by a forced ion
response of the plasma, has been proposed [16] and ex-
perimentally demonstrated [17]. The optimal parame-
ter range has been assessed [11, 18], together with the
role of the chirp of the laser [15, 19, 20]. The various
phases of the amplification process have been quanti-
fied [15, 21] and the transition to the efficient self-similar
regime has been experimentally demonstrated [22]. The
interest in this topic extends also to energy transfer in the
nanosecond regime in the context of inertial confinement
fusion [23, 24]. Among the schemes cited above, many
of them, theoretically and/or numerically explored, have
predicted very high efficiency. For example, amplification
of a 0.3mJ seed pulse above 1.2 J is predicted using the
diverging scheme [7], while a 15 J - 50 fs could be ampli-
fied to 5 kJ - 60 fs from a 10 kJ -1 ns pump in a optimized
plasma amplifier [25]. However, experimental results are
very rare and the transferred energies and efficiencies are
much lower. To our knowledge, the maximum energy
transfer yet reported is 170 mJ from a 70 J pump laser
via the Raman scheme [1], corresponding to an efficiency
of only 0.24 %. From Brillouin amplification [17] 60 mJ
has been transferred from a 2 J pump laser, correspond-
ing to a 3% total efficiency. In this paper we demonstrate
laser plasma amplification of sub-picosecond pulses above
the Joule level, reaching an unprecedented energy trans-
fer of up to 2 J, with a very high efficiency, up to 20%.
We present the first investigation of Brillouin laser am-
plification as a function of the incident seed intensity.
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2Exploring 6 orders of magnitude, up to intensities above
the pump one, we reveal the importance of using a high-
enough incident intensity to enter the self-similar regime
as promptly as possible and get a highly efficient energy
transfer in a sub-picosecond scale. In this regime of effi-
cient amplification, we observed evidence of energy losses
of the seed by spontaneous backward Raman. Due to
the crossed beam geometry of our setup, we also observe
a modification of the spatial profile of the seed by the
amplification process. The first three-dimensional enve-
lope simulations of sub-picosecond laser-plasma amplifi-
cation are presented, supplemented by one-dimensional
PIC simulations. Quantitative agreement is obtained on
the transferred energy. The global behavior of the am-
plification process is well reproduced, including the evo-
lution of the spatial profile of the seed. We show that the
main sources of loss of pump energy available for transfer,
in particular spontaneous Raman and Brillouin Backscat-
tering, can be controlled by an appropriate choice of the
pump and seed timing as well as initial seed intensity.
II. EXPERIMENTAL SETUP AND METHOD
The results presented here have been obtained at LULI
on the ELFIE facility. A schematic view of the exper-
imental setup is shown in Fig. 1. A “pump” and a
“seed” beam, linearly polarized and at the same wave-
length (1058 nm), crossed in a plasma at an angle of
165◦ in the yz-plane. The seed was focused at its min-
imum focal spot σx × σy ' 100 × 60µm2 (Full-Width
at Half-Maximum, FWHM) and compressed to its mini-
mum duration (FWHM ∼ 0.55 ps). Its maximum energy
was ∼ 4 J, providing a maximum intensity of ∼ 1017
W/cm2. To increase the interaction volume, the 9 J
pump was defocused and stretched, to a focal spot of
σx × σy ' 85 × 135µm2 (FWHM) and a duration of
1.7 ps FWHM (red before blue, ω(t) = ω0[1 − 2αω0t],
α = −7.65 × 10−7), leading to a maximum intensity of
∼ 4× 1016 W/cm2. The plasma was created 1 ns before
pump and seed arrival by a third beam (35 J - 500 ps -
1058 nm) propagating at 135◦ from the pump. This beam
was focused to a σx×σz ' 200×1200µm2 spot, reaching
an average intensity of ∼ 2× 1013 W/cm2 that fully ion-
ized a hydrogen supersonic gas jet. The resulting plasma
density profile was Gaussian (σy × σz ' 750 × 575µm2
FWHM) with a maximum electron density adjusted to
ne ' 4− 5× 1019 cm−3(∼ 0.04− 0.05nc, where nc is the
critical density at the laser wavelength). The electron
and ion temperatures at pump and seed arrival were Te ∼
100 eV and Ti ' 80 eV (from 2D fluid simulations with
the code FCI2 [27]). Let us note that in strong coupling
regime, even if Te ≈ Ti, due to their large phase velocity
Landau damping on ion perturbations will be relatively
small. At the plasma density and temperature of the
present experiment, the pump intensity threshold for the
strongly-coupled regime is Ith ∼ 1013 W/cm2, reached
very early in the pump leading edge. The pump and
seed waves are at the same frequency with a relatively
narrow bandwidth (∆ω/ω0 ∼ 5× 10−3). The time delay
tp− ts, where tp and ts are the arrival times of the maxi-
mum of the pump and seed beams at the plasma center,
was adjusted with a delay line. For tp − ts > 0, the seed
arrives before the pump.
Let us note that a fully counter-propagating (180◦)
geometry would have been better for an optimum cou-
pling between pump and seed, as demonstrated in [22].
However, the incident seed intensity in [22] was ∼ 1013
W/cm2 (few mJ). In the present experiment, to explore
interaction at much higher incident seed intensities (up
to 1017 W/cm2, few Joules) without risking to damage
the laser chain with counter-propagating beams, we had
to use a 165◦ geometry, even if it reduces the interac-
tion length, the quality of the transverse overlap, and
the control of pump spontaneous Raman scattering.
The focal spots and spectra of the transmitted pump
and seed beams near their central wavelength (1050-1070
nm) were recorded on high-dynamic CCD cameras. The
infrared backward (165◦) Raman spectra (1100-1700
nm) of each beam were recorded on InGaAs CCD
cameras, providing the amount of Raman signal and
allowing the retrieval of the electron plasma density.
In order to measure the transmitted pump and seed
energies, the focal spot diagnostics were absolutely
calibrated. The pulse duration of the transmitted
seed was measured with a second order autocorrelator
coupled to a high-dynamic CCD camera.
The growth rate of strongly-coupled Brillouin (re-
sponsible for laser amplification), as well as those of
spontaneous Raman or filamentation (responsible for
beam losses or deterioration) depend on plasma density.
All the following results are at ne ∼ 0.05nc, where we
measured the maximum energy transfer. Also, they all
correspond to pump and seed pulses synchronized at the
center of the plasma.
III. EXPERIMENTAL RESULTS
A. Amplification as a function of seed incident
energy.
The influence of the incident seed intensity on the final
energy transfer (energy gain) has been studied by chang-
ing only the input seed energy (5×10−6 to 4 J, half of the
pump energy), all the other pump, seed and plasma pa-
rameters being fixed. Fig.2 presents the seed focal spot
at the output of the plasma, after interaction with the
pump, for different incident seed energies. For every im-
age in Fig.2, the labels indicate the seed incident and out-
put energies. These values are reported in Fig.3, together
3FIG. 1: Experimental arrangement, showing pump and seed beams focused by off-axis parabola (OAP), the ionization beam
focused using a lens after a hybrid phase plate (HPP), the supersonic hydrogen gas jet at the beams intersection, the glass
wedges sending a low intensity fraction of the beams to lenses imaging the beams focus toward their diagnostics, raw images of
each diagnostics, and transverse profiles of the pump at 3 positions in the gas jet (z = -500, 0, and +500 µm from the plasma
center). Pump and seed diagnostics are described in section II.
with “test” shots: without the pump, or with orthogonal
pump and seed polarizations. The filled area in Fig.3a
represents the separation between gain (outside the area)
and loss (inside). From these two figures, one can see that
when the incident seed energy is increased from 5× 10−6
to 0.2 J (Iinc from 1.6× 1011 to 6.4× 1015 W/cm2), the
amount of energy transferred from the pump to the seed
increases up to a value of ∆E ∼ 1.75 J, which is 20-25
% of the total pump energy. Such an efficiency indicates
that the interaction occurs in the pump depletion regime,
as expected from self-similar Brillouin amplification. To
our knowledge, this is an unprecedented level of energy
transfer and efficiency from a laser-plasma amplifier of
sub-picosecond pulses.
As expected from the three-wave coupling, when pump
and seed propagate in plasma with orthogonal polariza-
tions (green square), they cannot couple and the trans-
ferred energy drops. A small transfer is still observed due
to the non-perfectly defined polarization of the beams.
When the seed incident intensity is larger than the
pump one (≥ few 1016 W/cm2, corresponding to an in-
cident seed energy ≥ 1 J), the efficiency of the amplifi-
cation process drops. The seed transmission falls to 50
%. It is interesting to compare this with a case where no
coupling occurs (orange triangle, tp − ts = 11 ps, pump
late after seed): here transmission drops at 80%. This
indicates that even in this particular case of unfavorable
initial coupling conditions, energy is still transferred from
pump to seed.
In the self-similar regime the seed duration and inten-
sity are correlated, the larger the intensity the smaller
the duration [18, 26]. Since the input seed duration in
our experiment was fixed (550 fs), depending on its inci-
dent intensity the interaction did not start immediately
in the self-similar regime which reduced the efficiency and
slowed down the compression process. This non-optimal
seed pulse was particularly deleterious near 1017 W/cm2
where its initial duration was much too long for an opti-
mum energy transfer and compression.
The interest of the crossed polarization and the tp− ts
= 11 ps cases compared to shots without pump is that in
these configurations the EM-coupling is ineffective while
the other phenomena affecting the pulses propagation are
preserved (hydrodynamics, heating, spontaneous insta-
bilities, etc ...), allowing to clearly separate them.
The fluctuations observed in the transferred energy are
due to the shot to shot variations of laser-plasma param-
eters, mainly the seed and pump beam pointing stability.
This was enhanced by the fact that, due to the experi-
mental arrangement, when the pump moved toward one
direction, the seed moved toward the opposite, strongly
affecting the overlap.
The transmitted pump energy as a function of the in-
cident seed energy is presented in Fig.3b. One can see
that the higher the seed energy gain (Fig.3a), the lower
the transmitted pump energy. At very weak incident
seed (no energy transfer) the pump transmitted energy
is still quite low, of the order of 1.7 J, which is about
20 % of the incident energy. This relatively low trans-
mission is due to beam refraction and to the losses by
collisional absorption and spontaneous Raman instabil-
ity, both favoured by the low plasma temperature (100
4FIG. 2: Transverse profile of the transmitted seed pulse (energy per unit area of the focal spot), (a) to (k): for different incident
seed energies, (l): in vacuum, (m): in plasma without pump, (n): in plasma with the pump arriving 11 ps after the seed (tp− ts
= +11 ps). Except for (n), pump and seed reach the center of the plasma at the same time (tp− ts = 0). The spatial and color
scales are the same for all the images, as well as the pump and plasma parameters.
eV). On the contrary, when the seed is injected with a
high-enough intensity, Brillouin is stimulated and com-
petes with spontaneous Raman instability [22]. Let us
note that because of the losses undergone by the pump
before crossing the seed, the available pump energy is
between 9 J (vacuum) and 1.7 J (plasma exit), indicat-
ing that the amount of effective energy transfer at the
interaction point is even higher than 25 %.
The other diagnostics (pump and seed spectra, seed au-
tocorrelator) were not calibrated in energy, but gave the
same relative increase of the transferred energy with the
injected seed energy, as well as the same relative pump
5FIG. 3: Energy of the transmitted beams as a function of
the incident seed energy Einc, measured by integration of the
energy calibrated focal spot images of the seed (a) and the
pump (b). The corresponding incident seed intensity in vac-
uum is Iinc (W/cm
2) ∼ 3.2 × 1016Einc(J). Points out of the
purple area in (a) correspond to seed amplification. At Einc
= 0.2 J the energy gain is ∆E = 1.75 J. The green square
and the orange triangle in (a) are two cases where there is no
EM-coupling but other mechanisms are present (spontaneous
scattering, hydrodynamics, etc ...).
depletion.
The seed spectra are represented in Fig.4 at different
energies of the injected seed. It shows that the amplifica-
tion not only happens over the entire seed spectrum, but
also that the higher the energy transfer, the broader and
more red shifted is the amplified spectrum, a signature
of SBS occurring in the self-similar regime [22].
The two uppermost spectra in Fig.4 correspond to the
case where the seed incident intensity is larger than the
pump one and the energy transfer is not efficient. How-
ever, one can see that when the seed does not interact
with the pump (yellow curve, pump 11 ps after seed), its
spectrum remains centered at its initial vacuum position
(1058 nm) and is not broadened. Moreover, a depletion
is observed at the center of the spectrum. This is where
the intensity is highest and the SRS and SBS sponta-
neous instabilities grow fastest. In opposite, when the
pump overlaps and couples to the seed, it transfers some
energy that compensates part of its losses (orange tri-
angle versus violet circle in Fig. 3(a) at Einc = 4 J),
refilling the seed spectrum (red curve in Fig.4). Even if
FIG. 4: Transmitted seed spectrum for different incident seed
energies. Black lines are reference shots in vacuum. The
spectrum for Einc = 40 mJ J in vacuum (black plain line)
has been multiplied by a factor 5 for a better visibility. For
the same purpose an offset of 5× 109 is added to each set of
curves.
the losses are still larger than the energy gain, the inter-
action occurs in the self-similar regime, red-shifting and
broadening its spectrum.
B. Transverse profile of the amplified seed.
The bottom images in Fig.2 show the transmitted seed
focal spot in vacuum (l), at the plasma exit without (m),
and with (i) pump, at a same incident seed energy (0.2
J). Without the pump the beam undergoes a factor ∼ 5
attenuation but its transverse profile is not much differ-
ent from the vacuum case. Conversely, with the pump
and at high energy transfer (∆E ∼ 1.7 J, ∼ 20 % of the
pump energy), the amplification process strongly modi-
fies the focal spot shape and increases its size. The evo-
lution of the seed focal spot is due to: (i) the evolution of
the pump profile along the interaction region, as shown
in Fig.1 at three positions (-500, 0, +500 µm) along the
propagation axis; (ii) the 165◦ coupling geometry lead-
ing to a progressive transversal drift of the seed pulse
through the pump focal spot; (iii) the amplification pro-
cess that is non-linear with the incident seed intensity
(Fig.3). The resulting increase of the focal spot size thus
reflects the very high efficiency of the amplification pro-
cess, that makes maximum use of the available pump
6energy.
On the amplified focal spot one can observe very small
and randomly distributed structures. At our typical
pump intensity of ∼ 1016 W/cm2, the filamentation
growth rate in a hydrogen plasma at 0.05 nc is ∼ 2 ps,
about 20 times slower than the sc-SBS growth rate. Fila-
mentation will become significant after few growth rates,
so few times more than the duration of our pump pulse
(1.7 ps), or the time for the pulses to cross the plasma
length (∼ 2 ps). Since the plasma profile is Gaussian,
it even takes more time on the lower density sides of
the profile. This is confirmed by 2D-PIC simulations
[30, 32] and by 3D-fluid simulations (see below). More-
over, our experimental results confirm these predictions.
Indeed, the transmitted focal spot of the pump did not
present the small-size, randomly-distributed and shot to
shot changing pattern characteristic of a beam undergo-
ing filamentation. This was also true for the seed beam
when it was propagating in the plasma without the pump
(Fig.2(m)(n)). In addition, shots with a pump duration
or a plasma length doubled did not show any filamenta-
tion of the beam. The very small structures observed on
the transmitted seed focal spot appear only when it is
coupled to the pump and amplified. We attribute them
to the initial spatio-temporal non uniformities in ampli-
tude and phase of the pump, seed and plasma that couple
during their propagation and generate this speckle-like
pattern.
C. Duration of the amplified pulse.
Autocorrelation traces of the transmitted seed pulse
(normalized to their maximum) are presented in Fig.5.
They correspond to the integration along the x axis (the
beam vertical extension) of the autocorrelation images
(top-right image in Fig.1). As a reference, Fig.5a presents
the case of the output seed after propagation in vacuum
(black curve) or in the preformed plasma (blue curve),
both without the pump. Fig.5b and c present autocorre-
lation traces of seed pulses amplified at the Joule level
(Einc = 40 mJ). One can see that the energy of the
pump is transferred within the seed pulse envelope (sub-
ps). However, on some shots the autocorrelation trace
presented periodic temporal “satellites” (Fig.5c) indicat-
ing the presence of a main pulse followed by others of
lower intensities which could be a signature of a main
pulse followed by pi-pulses, as expected from amplifica-
tion in the self-similar regime [15]. Let us note that in
this regime the energy transfer is often associated with
pulse temporal compression. However, two dimensional
simulations [13, 14, 26] show that this compression and
the position of the pulse maximum are not uniform trans-
versely, leading to an amplified pulse with a “horseshoe”
spatio-temporal intensity profile in the focal region (see
3D-simulations presented in the following). In addition,
the traces presented in Fig.5 are the result of a spatial
integration along the transverse (vertical) dimension of
the collimated output beam, collected as shown in Fig.
1. It was thus impossible to resolve the on-axis pulse
duration. Our autocorrelation results are to be intended
as an upper-limit of the output seed duration, and the
associated output seed peak intensity is likely underesti-
mated. This is why, for the sake of accuracy, we chose
to present the focal spots in Fig. 2 in terms of energy
density.
D. Raman scattering of the amplified seed.
Another signature of the increased seed intensity is
found in the enhancement of its Raman backscattered
signal. Figure 6 presents, for different incident seed en-
ergies, the spectra (a) and energy (b) of the seed BRS
emitted at 165◦. At low incident seed energy the sig-
nal is very weak, indicating that the signal is not coming
from forward Raman of the pump. Without the pump,
the seed BRS is much weaker (dashed purple curve in
(a) and blue triangle in (b) for Eincs = 0.2 J), indicating
that most of BRS comes from the intensity increase of
the seed. In Fig.6a one can see that the Raman spectra
are centered around 1330 nm and that they never extend
closer than 1150 nm toward the pump and seed wave-
length side (1058 nm with a FWHM = 5-6 nm), even
when Iseed ∼ Ipump. This allows to exclude a contribu-
tion of Raman backscattering to the amplification of the
seed.
E. Amplification as a function of pump-seed relative
delay.
The maximum energy transfer not only depends on
the incident seed intensity, but also on the pump-seed
relative delay tp − ts, as can be observed in Fig.7. The
maximum energy transfer (∆E ∼ 1.2 J) is obtained when
the seed reaches the center of the plasma slightly before
the pump (tp − ts ∼ +1 ps). Several scans in pump-seed
delay at different pump durations and chirp signs (not
the purpose of this paper) show this same behaviour.
We explain this by the combination of two effects: i) the
amount of spontaneous SRS and SBS undergone by the
pump before its interaction with the seed is reduced, pre-
serving the energy available for transfer [18]; ii) when the
seed arrives earlier it starts to couple to the pump near
the maximum of the Gaussian density profile. The low
intensity front part of the pump is thus compensated by
the high density of the plasma (γsc ∝ (Ine)1/3), allowing
the self-similar regime to start faster and the coupling to
be more efficient [15].
7FIG. 5: Autocorrelation traces of the transmitted seed pulse, normalized to their maximum to help the comparison of their
width. (a): without the pump, under vacuum and in plasma ; (b): in plasma with pump, for different transferred energies. (c):
in plasma with pump, case with “pi-pulses”. The orange curve is a fit using a triple Gaussian function: e−(t/τ)
2
+A[e−(t+δt)
2/τ2+
e−(t−δt)
2/τ2 ] +A2[e−(t+2δt)
2/τ2 + e−(t−2δt)
2/τ2 ] ; τ = 0.43 ps, δt = 0.87 ps, A = 0.52.
IV. DISCUSSIONS
In the following we will discuss, with the support of
simulations, the different experimental results presented
above.
A. Seed amplification in a three-dimensional
geometry.
In order to compare the spatial profiles of the ampli-
fied seed beam and the total transferred energy, and in
order to study the impact of competing instabilities on
the amplification process, we ran simulations using the
three-dimensional wave propagation code pF3D [28, 29].
This code treats each light wave in the paraxial approxi-
mation. There are separate wave propagation equations
for the pump laser light and the Brillouin and Raman
amplified light. The Brillouin and pump light are tempo-
rally enveloped at the same frequency. The Raman light
frequency is chosen by the user to match the conditions
of the application. In addition, the light waves are spa-
tially enveloped along the direction of propagation. The
Langmuir and ion acoustic waves (IAW) are also spa-
tially enveloped. However, the IAW is not enveloped in
time which allows proper treatment of strongly-coupled
SBS. At the maximum plasma density of 0.05 nc and the
maximum pump intensity of ∼ 4 × 1016 W/cm2 of this
experiment, the sc-SBS growth rate is γsc/ω0 ∼ 4× 10−3
(γ−1sc ∼ 90 fs), justifying the envelope approximation. Let
us note that at this relatively high plasma density, and
since both pulses have the same frequency, Raman can-
not be considered as a coupling mechanism for ampli-
fication [30]. However, spontaneous Raman (and Bril-
louin) scattering of the pump could reduce its energy
before it encounters the seed. The beams spontaneous
SRS and SBS are included in the simulations, as well
as collisional damping and ponderomotive filamentation.
Moreover the effect of the geometry for the beams cross-
ing at an angle (i.e. the effective amplification length
in the overlapping region) and the transverse size of the
laser beams are fully described. To account for the strong
variation of the wave amplitude in the self-similar stage
and the 15◦ angle of the seed to this axis, the spatial
resolutions are ∆x = ∆z = λ0 and ∆y = 2λ0/3. Tests
were made to make sure resolution was adequate. In
addition, the axis of propagation was tilted by 7.5◦ so
both pump and seed propagated at ± 7.5◦ to the axis
with the same results. The light waves interact with the
background plasma through ponderomotive forces which
can intensify the light and cause further development of
small spatial scales. Because of the short time duration,
low plasma density, and low charge state (Z = 1), fila-
mentation was not found to be important, it will not be
further discussed. To take into account nonlinear effects
on the ion perturbation, such as wavebreaking, and in
accordance with typical PIC simulation results (see fol-
lowing), its amplitude was limited to 50%. This does not
affect the amplification of the main part of the seed pulse,
for which the density perturbation stays below this limit,
but prevents a non-physical scattering of the pump pulse
on these perturbations long after the seed pulse has in-
teracted with the pump [16].
The input laser and plasma parameters are those given
in the Experimental setup paragraph. The spatial and
temporal profiles are Gaussian. The hydrogen plasma
density has a peak value of ne/nc = 0.05, with a FWHM
= 575 (750) µm along the z(y)-axis respectively and is
constant along the x-axis. The ion temperature is Ti
= 80 eV. The electron temperature is Te = 100 eV for
pF3D. Pump and seed wavelength is 1057 nm, their dura-
tions are respectively 1.7 ps and 0.55 ps (FWHM). Their
focal spot sizes (FWHM) σx × σy ' 85 × 135µm2 and
σx × σy ' 100 × 36µm2. The pump peak intensity was
4 × 1016, corresponding to an energy of 9 J. The seed
8FIG. 6: Seed backward Raman. Spectrum (a) and energy (b)
of the seed backward (165◦) Raman at different incident seed
energies Einc. In fig. (a), for a better visibility, an offset of
2× 106 is added to each spectrum, and the spectrum at Einc
= 5 µJ is multiplied by 10.
peak intensity was 1015 W/cm2, corresponding to Eseed
= 40 mJ in Fig. 3.
Figure 8(a) shows, at five different interaction stages, the
spatial profiles of the pump and seed electric fields in the
interaction plane (y-z, cf. Fig. 1). At t = -0.7 ps the
seed pulse is in the plasma, it has not yet encountered
the pump pulse, and its initial energy (40 mJ) and in-
tensity are preserved (no significant losses). At t = 0 the
peak of the seed is in the middle of the plasma (z = 0),
where the pump peak arrives 1 ps later (tp− ts = +1 ps).
The pump front however already starts to transfer its en-
ergy and the peak intensity of the seed has increased by
a factor 4 (I1/I0max ∼ 0.1). At 0.4 < z < 0.8 mm (pump
plasma entrance) one can see scattered light. This is
spontaneous backward Brillouin of the pump, that starts
to deplete its trailing edge. At t = 0.7 ps the seed peak
intensity is 120 times larger, reaching 3 times the inci-
dent pump one (I1/I0max ∼ 3). The pump profile shows
a strong depletion with two patterns: one at its front dug
by the seed (stimulated Brillouin), and an inhomogenous
one induced by spontaneous backward Brillouin at its
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FIG. 7: Seed energy versus pump-seed relative delay. Trans-
mitted energy of the seed as a function of its relative delay
with the pump. For tp− ts > 0 the seed arrives at the plasma
center before the pump.
back. Due to the 165◦ interaction geometry, the seed
front tends to bend and expand toward the pump front.
The pump-seed overlap ends at t = 1.4 ps. When the
seed leaves the plasma (t = 2.1 ps) it energy has reached
2.16 Joules, close to the measured one (Fig. 3). After the
interaction the pump has undergone a strong depletion
(70 %), close to what we measured (Fig. 3). Let us note
that most of the energy transfer occurs within ∼ 400 µm.
Figure 8(b) shows a 3D view of the amplified seed,
revealing the 3D asymmetry. It corresponds to the same
simulation as the 2D slices presented in Fig. 8(a), at
time t = 1.7 ps (exit of the plasma). The internal spatio-
temporal structure of the pulse is vizualized through the
y-z and x-z plane cuts.
It is important to point out that although the level of
spontaneous scattering is significant, it is not enough by
itself to justify the low transmission of the pump alone in
our experiment, where other factors (discussed in section
III-A) need to be taken into account. Thus, decreasing
spontaneous scattering and increasing the quality of the
created plasma are both important points to consider in
order to increase the pump transmission and the energy
available. The role of spontaneous instabilities and how
to reduce them is discussed in the following.
B. Influence of spontaneous pump backscattering.
Spontaneous Brillouin and Raman scattering have a
significant influence on the results. Because of its faster
growth rate Raman is the most important. Due to an ini-
tial temperature Te ≈ 100 eV , k0λDe = 0.063 and, with
klw ∼ 1.6k0 , klwλDe = 0.1 so Landau damping is unim-
portant at the peak density of 0.05 nc (k0 and klw are the
wavenumbers of the laser and the Langmuir wave respec-
tively, and λDe is the Debye length). Even at a lower
density of 0.01 nc , klwλDe = 0.22. pF3D simulations
9FIG. 8: Three-dimensional pump-seed interaction, pF3D simulations: (a): Intensity profiles in the interaction plane (y-z) of
the seed ((a) upper images) and pump ((a) bottom images) pulses at different times (increasing from left to right). The green
dashed line indicates the seed propagation axis (165◦ from pump). The black line on the left images indicates the plasma
density profile along the z-axis. Pump arrives at the plasma center 1 ps after seed (tp− ts = +1 ps). Intensities are normalized
to the incident pump maximum intensity (I0max = 4× 1016 W/cm2). The laser-plasma parameters are the experimental ones,
see section Experimental setup. (b): Three-dimensional intensity profile of the amplified seed that reveals the 3D asymmetry
(same laser-plasma parameters as in (a), at time t = 1.7 ps (exit of the plasma)). The internal spatio-temporal structure of the
pulse is vizualized through the y-z and x-z plane cuts. (c): Intensity profile in the y-z plane of the seed pulse at the plasma
exit (t = 2.1 ps), with ((c)-left) or without spontaneous Brillouin ((c)-center) and Raman ((c)-right) instabilities. The central
figure ((c)-center) is without ion acoustic fluctuations, SBS always on. The other parameters are the same as in (a).
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show that the plasma is heated to Te as high as 250 eV
when Raman is included. Nonetheless, Raman reaches
saturation too fast for heating to affect the results. To
study the influence of spontaneous Raman and Brillouin
on the amplification process, we have run 3D simulations
with the SRS or the ion density noise turned off (stimu-
lated Brillouin always on). This comparison is interesting
even if a realistic treatment of the plasma fluctuations in
envelope codes is not trivial, while in PIC codes the noise
level is exagerated and spontanous backscattering over-
estimated on the short time scales used here. Fig.8(c)
shows the spatio-temporal profile (intensity normalized
to the pump maximum one) of the seed at the plasma exit
obtained with pF3D for three cases: with spontaneous
Raman and Brillouin (8(c)-left, same as fig. 8(a), with-
out Brillouin (8(c)-center), without Raman (8(c)-right).
The differences are explained as follows: At the plasma
entrance, the ion density grating generated by sponta-
neous Brillouin scatters the pump light in its backward
direction. At the plasma center, the angle between the
two beams leads to a density grating that scatters the
pump in the seed direction. Without spontaneous Ra-
man, the ion grating is stronger and more energy is left
at the back of the pump to be scattered in the seed di-
rection, which forms the long tail observed in fig. 8(c)-
right. Without spontaneous Brillouin, the ion grating has
a more homogenous spatial profile, which leads to a more
homogenous intensity profile of the amplified seed. Also,
one can observe that the amplification process in crossed
geometry tends to bend and extend the intensity distri-
bution toward the pump axis (y = 0), as observed exper-
imentally (fig. 2). This is induced by the combination of
several factors. We have shown previously [15, 18] that
the evolution of the phase that governs the three waves
interaction makes scSBA more efficient if the seed prop-
agates in a negative density gradient (from high to low
density), so in our case in the z > 0 side of the Gaussian
density profile. We also observed (Fig. 7) that, by reduc-
ing the spontaneous pump scattering and thus preserving
the pump energy, the maximum energy transfer occurs
for pump-seed delay tp−ts > 0 (+1 ps in Fig. 8(a)), that
is for a seed that has already passed the plasma density
peak before it overlaps the pump peak (again the z > 0
region). Finally, an important result of this paper (see
figure 3) is that significant energy exchange can still oc-
cur at low seed incident intensity, so even the wings of
the seed can be amplified. Combining these effects with
the not-counter-propagating geometry (165◦) leads to an
asymmetric amplification process in favor of the z > 0
region, with an energy transfer that tends to be larger
toward y = 0, where the pump intensity is maximum.
C. Influence of the incident seed intensity.
We performed a large number of simulations in order to
study the dependence of the energy transfer on the seed
incident intensity. The pF3D envelope simulations were
completed by PIC simulations with the code SMILEI [31]
in a one-dimensional geometry. In the latter, even if the
165◦ geometry of the interaction is not simulated, ion
and electron nonlinearities (such as harmonics, trapping
or wavebreaking) are included as opposed to the envelope
code. Moreover spontaneous Brillouin and Raman scat-
tering are included in a self-consistent way. The pF3D
and Smilei simulations have been run with the same laser-
plasma input parameters, the experiment ones (see sec-
tion Experimental setup). In the Smilei simulations the
experimental pump frequency chirp (α = −7.7 × 10−7)
was included, even if the results of the simulations in-
dicate that it does not significantly modify the energy
transfer in the present experiment. To take into account
the heating by inverse bremsstrahlung absorption of the
pump simulated in pF3D, Te is set at 300 eV in the 1D
PIC simulations with the pump, and 100 eV without.
The PIC simulations were run with 300 particles/cell,
giving at Te = 300(100) eV a the spatial resolution better
than 2.5(5) Debye length. The time step was dt = 0.175
fs (0.95 dx/c). The initial positions of the pump and seed
Gaussian pulses were adjusted depending on their rela-
tive delay tp − ts, the intensity of the rising edge at the
entrance of the simulation box never exceeding 1/e2 of
their respective peak intensity. The boundary conditions
were reflective for the particles and open (“silver-muller”)
for the electro-magnetic waves.
Fig.9 shows the pump and seed energies at the plasma
exit as a function of the seed incident intensity, for 1D-
PIC (left) and 3D-envelope (pF3D, right) simulations, at
tp − ts = +1ps. In both cases, one can observe the same
behaviour as the experimental results presented in Fig.
3: an increase of the transferred energy from pump to
seed when the incident intensity is increased, up to an
optimum. When the incident intensity is larger than the
pump one, the initial conditions for optimum amplifica-
tion are not met and the efficiency drops. In particular,
the seed duration is too long for this configuration [18].
The dependency of the energy transfer on the incident
seed intensity can be explained as follows [15]. During
the coupling between the pump beam and the seed beam,
the system successively explores different stages. In the
initial stage, the phase of the seed adapts to the pump
but the energy transfer between pump and seed is neg-
ligible. In the second stage, both the seed and the ion
wave grow exponentially and the energy exchange starts
to be important when Iseed ∼ Ipump. Pump depletion
then becomes significant and in this so-called self-similar
regime, most of the remaining pump energy is transferred
to the seed. The relevant parameter is thus the time and
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FIG. 9: Simulations, output energies versus seed incident intensity. (a): 1D-PIC (Smilei) and (b): 3D-envelope (pF3D)
simulations, with the same laser-parameters as in Fig. 8(a). The energies at the plasma exit of the pump, seed, as well as
the pump backward Raman scattered light, are normalized to the incident pump one. The pump-seed delay is tp − ts = +1
ps. The filled areas correspond to a seed output energy lower than the incident one (energy transfer from seed to pump). The
dashed lines in (a) show the energies without seed of spontaneous Brillouin, Raman, and transmitted pump (from bottom to
top respectively).
location at which pump depletion sets in. Indeed, from
this time, the seed stores all the remaining part of the
pump pulse: the earlier the pump depletion, the larger
the energy gain. The larger its incident intensity, the
faster the seed enters the exponential stage and grows to
an intensity comparable to the pump, thus maximizing
the energy gain. However, when Iseed is initially equal to
Ipump, the energy transfer from pump to seed only takes
place in a very small zone (wings of the seed), and an ef-
ficient gain requires a longer plasma and a longer pump
duration. Notice that amplification of seeds more intense
than the pump can be obtained from the beginning of the
crossing in a different regime [30, 32].
In 3D, the interaction of the wings of the pump and
seed beams occurs at lower intensity than on axis, so
that, on average, the maximum seed intensity at which
the energy transfer is reversed (seed to pump) is larger
than in 1D. From the 1D PIC simulations one can see
that without the seed, or at low seed intensity, the spon-
taneous backward Raman and Brillouin scattering of the
pump represent respectively 30 and 5 % of the incident
pump energy. However, when the incident seed inten-
sity is increased, spontaneous Raman remains unchanged
while the energy transfer due to SBS becomes significant,
up to 30 % of the initial pump energy. Complementary
simulations have been performed increasing the ion mass
by 100. They confirm that the ions are the vector of
the energy transfer from pump to seed: at an incident
seed intensity of 1015 W/cm2 and tp− ts = 0 the output
seed has an energy 5.5 times lower and is twice longer.
Accordingly the transmitted pump energy is 1.8 times
larger, while the Raman signal is almost unchanged.
In conclusion, both 1D and 3D approaches show the
same behaviour of the amplification process with the
incident seed intensity, and are in good agreement with
the experimental results of Fig. 3. As an example,
the energy per unit area obtained with the 1D PIC
code (18 kJ/cm2 for Iseed = 3 × 1015 W/cm2) is in
excellent agreement with the measured one. In addition,
the relatively slow increase of the energy transfer with
the incident seed intensity explains the increase of the
spatial width of the amplified seed: the relative gain
∆E/Einc of the low-intensity wings is larger than that
of the high-intensity central part of the beam.
D. Backward Raman scattering of the amplified
seed.
In order to compare with the experimental results of
Fig.6, the Raman energy propagating backward from the
seed (forward from the pump) is presented in Fig.10,
without or with the pump pulse, for the same set of sim-
ulations reported in figure 9-left. Almost no signal is
generated when the pump is alone or the seed very weak.
Without the pump (black curve), Raman becomes non-
negligible for incident seed intensities near or above 1016
W/cm2. When the pump is on and the incident seed in-
tensity is between 1014 to 1016 W/cm2, the Raman signal
increases, in correlation with the seed amplification ob-
served in Fig. 9. At an incident intensity of 1015 W/cm2
the signal is 1500 times larger, equivalent to the signal
observed with the seed alone at an intensity 60 times
larger (black curve). On the contrary, for an incident
seed intensity above 1016 W/cm2, the seed will transfer
energy to the pump thus decreasing the spontaneous seed
backscattering.
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FIG. 10: 1D PIC simulations, backward Raman energy from
the seed. The dashed orange line is the level of Raman with-
out seed, generated by forward Raman of the pump. The
pump-seed delay is tp − ts = +1 ps.
CONCLUSIONS AND PERSPECTIVES
In this paper laser-plasma amplification of sub-
picosecond pulses above the Joule level was demon-
strated, a major milestone for this scheme to become
a solution for the next-generation of ultra-high intensity
lasers. We demonstrated the importance of using a seed
pulse of initial intensity high-enough to enter the self-
similar regime as promptly as possible, and get a highly
efficient (20 %) energy transfer in a sub-picosecond scale.
In the regime of efficient amplification, evidence of energy
losses of the seed by spontaneous backward Raman was
found. Simulations with a three-dimensional envelope
code, supplemented with a one-dimensional particle-in-
cell code, were compared with the experimental results.
They show very good agreement with the amount of
transferred energy, and with the global behavior observed
in the experiment. Spontaneous Raman, as well as spon-
taneous and seeded Brillouin scattering reach nonlinear
levels. The pump transverse intensity profile, together
with the crossed beam geometry, cause the seed inten-
sity distribution to bend and extend toward the pump
axis. This could be avoided (limited) by using a pump
beam with a larger focal spot or with a tilted intensity
front [33] adjusted to the crossing angle. The output
seed energy, intensity and quality were limited by the ho-
mogeneity and extent of the spatio-temporal interaction
volume, itself limited by the energy and quality of the
laser beams. Without reducing the scSBS gain, the beam
losses from spontaneous Raman scattering and collisional
damping might be limited with the use of a plasma with
a density ramp and a much higher temperature. An ini-
tially shorter seed pulse will also reduce these losses, and
would be better adjusted to the self-similar regime, in-
creasing the pulse compression [18, 26, 34]. Much larger
energy transfers might be reached using longer pump and
plasma, larger focal spots of homogeneous and hyper-
Gaussian profiles. Exploiting more energetic lasers will
allow these improvements and open the way to the nu-
merically predicted [30][32] next step: an output seed
intensity much larger than the pump one.
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